Context: An end of fast insulin Ն3 IU/mL and a proinsulin concentration Ն5 pmol/L have been suggested as useful cutoffs for the diagnosis of insulinoma.
N
ormal pancreatic ␤ cells suppress insulin secretion in response to a decrease in ambient glucose concentration. In subjects with insulin-producing tumors, serum insulin levels remain inappropriately high in the fasting state as plasma glucose concentration falls. Reviews of historical case series of patients with insulin-producing tumors (1, 2) suggested a serum insulin concentration of Ն5-6 IU/mL in subjects with symptomatic, fasting, hypoglycemia-defined inadequate insulin suppression. In these large series, a threshold of Ն5-6 IU/mL captured Ն95% of subjects with insulin-producing tumors thereby satisfying one criterion of a good diagnostic test (ie, high sensitivity). Since this cutoff was proposed, insulin immunoassays have become more specific and exhibit less crossreactivity with proinsulin and its degradation products. In the era of specific assays, case reports of patients with insulin-producing tumors presenting with end of fast serum insulin concentration of Ͻ5 IU/mL (ie, false negative cases) have been published (3) (4) (5) . Practice guidelines (6) have recommended lowering the threshold that defines inadequate suppression to a serum insulin concentration of 3 IU/mL or greater but the diagnostic value of the new proposed threshold has not been tested.
It has long been recognized that concentrations of circulating plasma proinsulin obtained in the fasted state are high in patients with insulinomas (1, (7) (8) (9) (10) (11) . Before the availability of commercial proinsulin assays, proinsulin was detected by indirect means and proinsulin levels were quantified as a percentage of total immunoreactive insulin. In the last 20 years immunoassays that measure proinsulin concentration directly have become widely available. A review (1) of cases evaluated at our center before the time directly available assays came into use confirmed that in ϳ90% of subjects with insulinoma proinsulin levels at the end of the fast exceeded the upper limit of normal levels for healthy individuals. Using correlation analysis, the proinsulin threshold defining an abnormally high proinsulin level on the indirect assay was determined to correspond to a directly measured proinsulin concentration of Ն22 pmol/L. In the Endocrine Society Clinical Practice Guideline (6) an end of fast proinsulin value of Ն5 pmol/L has been suggested as useful diagnostic cutoff.
The aim of this study was to evaluate the diagnostic performance of an end of fast serum insulin concentration of Ն3 IU/mL and an end of fast plasma proinsulin concentration of Ն5 pmol/L in the diagnosis of insulin-producing tumors using currently available assays for a cohort of patients seen at the National Institutes of Health (NIH) from 2000 to 2011.
Materials and Methods

Study population
All subjects included in this series provided written informed consent to participate in the NIH Clinical Center hypoglycemic disorders protocol (ClinicalTrials.gov Identifier: NCT00001276). To identify cases and controls, all supervised fasts performed at NIH from June 2000 to April 2011 were retrospectively reviewed.
This time period was selected to avoid case overlap between this and a series of previously published cases (1, 12) . Fifty-six patients with a positive initial 48-hour supervised fast and a confirmed insulinproducing tumor were identified. Forty-four had localized nonrecurrent disease, six had malignant disease, and six had an insulinoma occurring in the setting of multiple endocrine neoplasia type 1. Controls were made up of 29 subjects who had a negative inpatient workup for hypoglycemic disorders during this same time period and were disease-free at follow-up (21 had no underlying hypoglycemic disorder, 4 were not found to have hypoglycemia but had a diagnosis of multiple endocrine neoplasia, and 4 patients were diagnosed with a factitious disorder).
Demographic and other baseline characteristics were similar between groups and representative of the spectrum of adult patients evaluated for hypoglycemic disorders at our center. In both groups, women accounted for most subjects (66 and 76%, respectively). Cases were on average older than controls (mean Ϯ SD; 48.3 Ϯ 15.9 y vs 41.4 Ϯ 12.0 y). Renal function measured using serum creatinine was normal (0.84 Ϯ 0.2 mg/dL vs 0.78 Ϯ 0.2 mg/dL). Weight (83.4 Ϯ 19.9 kg vs 79.1 Ϯ 17.9 kg) and body mass index (30.0 Ϯ 6.6 kg/m 2 vs 28.8 Ϯ 6.1 kg/m 2 ) were similar in cases and controls.
All participants were admitted to the NIH clinical center the night before the start of the supervised fast. On the morning of the fast subjects ordered a standard hospital breakfast. Baseline glucose, insulin, C-peptide, proinsulin, anti-insulin antibody titer, and a sulfonylurea screen were obtained within 30 minutes following ingestion of the meal. Glucose, insulin, and C-peptide were obtained at regular timed intervals thereafter. When the patient was observed by medical personnel to have hypoglycemic symptoms and coincident low plasma glucose, all baseline laboratory analyses were repeated and carbohydrate was administered to resolve symptoms.
Clinical assays
Serum insulin and C-peptide concentration were measured by immunochemiluminescense (Siemens Immulite 2500) in the NIH Clinical Center Laboratory Department. The reference range for the insulin assay is 6.0 -27.0 IU/mL; the intra-assay coefficient of variation (CV) range is between 3.3 and 5.5% and the interassay CV range is between 4.1 and 7.3%. The reference range for the C-peptide assay is 0.9 -7.1 ng/mL; the intra-assay CV range is between 1.9 and 3.2%, and the interassay CV range is between 2.9 and 5.4%. Plasma proinsulin concentration was measured by immunochemiluminescense at the Mayo Clinic Medical Laboratories. The reference range for the assay is 3-20 pmol/L. The intra-assay CV range is 4.4 -5.1% and the interassay CV range is 7.2-8.8%.
Statistical analyses
Descriptive data for categorical variables are summarized using frequencies or percentages. Descriptive data for continuous measures are summarized using mean, SD, or median and interquartile range. Receiver operating characteristic (ROC) curves were generated by logistic regression modeling using JMP statistical software.
Results
Fast characteristics
Fast characteristics in patients with insulin-producing tumors were consistent with previously published reports.
Whipple's triad was observed by medical personnel for 79% (44/56) and 100% (56/56) of insulinoma cases at the end of 24 and 48 hours, respectively. The mean Ϯ SD plasma glucose at the end of the fast was 36.4 Ϯ 6.5 mg/dL (SI units: 1.9 Ϯ 0.4 mmol/L). Anti-insulin antibody titers were below the limit of quantification in both groups. In three of the controls the sulfonylurea screen was positive. In one of the controls the patient admitted to injecting insulin surreptitiously.
Insulin concentration at the end of the fast
In our current series relying on a new-generation insulin assay, an end of fast insulin concentration of Ն5 IU/mL identifies 91% of cases (ie, 51/56). If the threshold to define inadequate insulin suppression at the end of the fast is lowered to Ն3 IU/mL, as suggested by the Endocrine Society Guideline, the sensitivity of the test increases to 98% (55/ 56). Although most cases will be captured using this threshold, a small number of patients with insulin-producing tumors (ie, 2% in this series) will have an end of fast insulin concentration below 3 IU/mL. Approximately 40% (10/25) of normal controls (ie, false positive rate) had an end of fast insulin Ն3 IU/mL (note: data excludes four surreptitious cases). Figure 1 depicts the end of fast proinsulin concentration for patients with insulin-producing tumors and for controls in our series. The graph confirms that proinsulin concentrations at the end of the supervised fast are higher in subjects with insulinomas. The median end of fast plasma proinsulin concentration was 100 and 6.8 pmol/L in patients with insulin-producing tumors and in controls, respectively. Fifty percent of cases had end of fast proinsulin concentrations in the range of 53-270 pmol/L, whereas 50% of controls had end of fast proinsulin values in the range of 4.2-12.0 pmol/L. The difference in the end of fast proinsulin concentration between patients with and without an insulinoma is highly significant (Wilcoxon Rank Sum test P value Ͻ.0001). Most importantly, the figure shows an absence of overlap between the minimum observed end of fast proinsulin concentration in cases (27 pmol/L) and the maximum observed end of fast proinsulin concentration in controls (19 pmol/L). Proinsulin concentration at the end of fast, in this series, completely discriminates cases from controls. Table 1 summarizes the diagnostic performance of two ends of fast proinsulin concentration cutoff values using our series of patients. The first cutoff value, Ն5 pmol/L, is the cutoff proposed by the Endocrine Society Clinical Practice Guideline. This cutoff captures 100% of cases (ie, 100% sensitivity) but cannot distinguish cases (ie, true positives) from controls (ie, true negatives). Fifty-nine percent of subjects without an insulinoma in our series were observed to have an end of fast proinsulin value of Ն5 pmol/L. This high false positive rate makes this cutoff value of limited diagnostic utility. The second cutoff value The diagnostic performance for two end of fast proinsulin concentration cutoff values in 56 patients with insulin producing tumors and 25 control subjects is shown. A proinsulin concentration of 5 pmol/L is the cutoff value proposed by the Endocrine Society practice guideline. The second proinsulin concentration cutoff value (ie, 27 pmol/L) yields the highest sensitivity and the lowest false positive rate in this series of patients.
Proinsulin concentration at the end of the fast
shown in Table 1 is the point in our data that yields the highest sensitivity and lowest false positive rate. Because end of fast proinsulin data from cases and controls did not overlap in our series, this point was the lowest observed plasma proinsulin concentration for cases (ie, 27 pmol/L). This cutoff captures all cases (sensitivity 100%) and excludes all controls (specificity 100%). Raising the proinsulin threshold from 5 to 27 pmol/L does not lower sensitivity and greatly increases specificity. These data show that in this series a proinsulin concentration of Ն27 pmol/L more accurately predicts the presence of an insulin-producing tumor than a proinsulin concentration of Ն5 pmol/L.
Nonfasting proinsulin concentration
In Figure 2 , nonfasting proinsulin concentrations are plotted for cases and controls. The median (interquartile range) proinsulin concentration at the beginning of the fast was 120 pmol/L (70 -420 pmol/L) and 29 pmol/L (16 -56 pmol/L) for patients with and without insulinomas, respectively. Although differences between the two groups remain statistically significant, overlap between cases and controls is seen. The nonfasting proinsulin cutoff value yielding the largest area under the ROC curve is a concentration of 67 pmol/L. At this concentration sensitivity is 78% and the false positive rate is 17%. One hundred percent specificity (ie, 0% false positive) was observed at proinsulin concentration in excess of 100 pmol/L. Proinsulin concentration obtained in the nonfasting state cannot reliably predict the presence of an insulinoma.
C-peptide concentration at the end of the fast
End of fast C-peptide concentrations for cases and controls are shown in Figure 3 . All patients with insulin-producing tumors had an end of fast C-peptide concentration above the cutoff suggested by the Endocrine Society Clinical Practice Guideline of 0.6 ng/mL (ie, sensitivity 100%). A C-peptide level of 0.6 ng/mL was also observed in most control subjects (ie, false positive rate 90%). The C-peptide concentra- jcem.endojournals.orgtion found to discriminate cases best from controls on ROC curve analysis was 2.3 ng/mL. This cutoff had a sensitivity of 84% and a false positive rate of 24%. Figure 4 compares the diagnostic sensitivity of an end of fast insulin cutoff value of 5 and 3 IU/mL through time and across assay techniques at the NIH clinical research center. Note that in the series of cases published in 1995 (1), insulin was quantified using a RIA technique. In this series, an insulin concentration of 5 IU/mL or greater in patients observed to have symptomatic hypoglycemia captured 97% of subjects with an insulin-producing tumor. In the era of new insulin assays only 91% of patients with an insulinproducing tumor ended the supervised fast with a serum insulin concentration above 5 IU/mL. These results suggest that the cutoff value of Ն5 IU/mL applied to newer insulin assays could lead to misinterpretation of the fast result as falsely negative in up to 9% of subjects with insulin-producing tumors. Lowering the cutoff value to 3 IU/mL increases the sensitivity of the test but does not completely eliminate the presence of an insulin-producing tumor (ie, false negatives). This finding is consistent with published reports describing patients with insulin-producing tumors and diagnosed on the basis of an elevated proinsulin level alone (3) (4) (5) .
Discussion
Insulin levels are dependent on glucose levels and it is not surprising that in the absence of other data an end of fast insulin value Ն3 IU/mL lacks specificity and cannot discriminate cases from control. The specificity of the test increases when other data captured coincidently are considered (ie, symptoms and the observed end of fast plasma glucose levels). A recent article has reported on the diagnostic utility of a test that combines the end of fast insulin and glucose values (ie, the amended insulin to glucose ratio) in a large series of patients (13) . Our data confirm the value of proinsulin in the diagnosis of insulin-producing tumors. It has been recognized for well over four decades that the presence of an insulinoma is associated with high levels of circulating proinsulin (7) (8) (9) (10) . This observation appears consistent with histopathology findings, which suggest insulin processing, storage, and/or secretion may be abnormal in insulin-producing tumors (14 -16) . Using correlation analysis, we had suggested a proinsulin concentration of 22 pmol/L measured on the direct proinsulin assay correlated to the value used to define proinsulin elevation on the indirect historical assay. Figure 5 summarizes the Figure 4 . Sensitivity of an end of fast insulin value of Ͼ5 IU/mL and Ͼ3 IU/mL for NIH cases before 1995 (RIA) and for current cases (newer "specific" insulin assay). Figure 5 . Diagnostic performance of an end of fast proinsulin Ͼ22 pmol/L or equivalent across three nonoverlapping series of NIH patients evaluated with a supervised fast. These data represent 176 patients with insulin-producing tumors and 50 control subjects. (Proinsulin prior to 1995 was not directly measured; values obtained using the indirect proinsulin assay were converted to concentrations using a correlation analysis between the indirect and direct proinsulin assays.) diagnostic utility of an elevated fasting proinsulin, defined as a directly measured fasting proinsulin concentration above 22 pmol/L, across three independent case series of patients who underwent a supervised fast at our center over time. The case series from 1995 (1) and 1995-2000 (12) have been previously published. The data in our new series are entirely consistent with the two previously published series and show that proinsulin concentration at the end of the fast is greater than 22 pmol/L in most patients harboring an insulin-producing tumor. We conclude that this cutoff value provides adequate sensitivity.
More importantly, few control subjects end the supervised fast with a proinsulin concentration above 22 pmol/L. We conclude that an elevated end of fast plasma proinsulin level is the most specific, single indicator, of the presence of an insulin-producing tumor. Defining an elevated proinsulin using a fasting proinsulin cutoff value of 5 pmol/L is not useful because this threshold does not yield greater sensitivity compared to 22 pmol/L and cannot discriminate cases from controls (ie, low specificity).
We have found the proinsulin test to be particularly useful in the setting of a positive supervised fast when fasting insulin levels are observed to be low or suppressed. In this situation an elevated proinsulin level suggests an insulinoma. In our series, seven patients who had an insulin-producing tumor had an end of fast insulin value below 5 IU/mL. Four of these seven patients had an end of fast insulin value below 3 IU/mL. The lowest observed end of fast proinsulin concentration in these patients was 42 pmol/L. In the 14 controls who also had suppressed insulin to below 5 IU/mL at the end of the fast the highest observed proinsulin value was 16 pmol/L. Another case illustrates the potential usefulness of proinsulin. The patient had a fasting glucose, insulin, and C-peptide pattern suggestive of surreptitious insulin injection (ie, a six-fold rise in insulin concentration midway through the fast and an absent concomitant rise in C-peptide concentration). The patient was discharged home with a presumptive diagnosis of factitious hypoglycemia. The result of the end of fast proinsulin test became available after discharge and was found to be 66 pmol/L. The patient underwent an exploratory laparotomy for recurrent hypoglycemia and an insulinoma was identified.
The end of fast proinsulin concentration was not useful in distinguishing malignant from nonmalignant disease in this series. Considerable overlap was observed between nonmalignant (minimum to maximum: 27-890 pmol/L) and malignant (minimum to maximum: 45-1300 pmol/L) end of fast proinsulin concentrations. Although conclusions regarding the utility of the end of fast proinsulin test in this series are limited due to the small number of malignant cases (n ϭ 6), it is consistent with our past clinical experience.
In conclusion, a proinsulin concentration above 22 pmol/L at the end of an adequately supervised fast is both sensitive and specific and highly suggestive of the presence of an insulin-producing tumor.
